The assessment of fluid volume in neonates by a noninvasive, inexpensive, and fast method can contribute significantly to increase the quality of neonatal care. The objective of the present study was to calibrate an acquisition system and software to estimate the bioelectrical impedance parameters obtained by a method of bioelectrical impedance spectroscopy based on step response and to develop specific equations for the neonatal population to determine body fluid compartments. Bioelectric impedance measurements were performed by a laboratory homemade instrument. The volumes were estimated in a clinical study on 30 full-term neonates at four different times during the first month of life. During the first 24 hours of life the total body water, extracellular water and intracellular water were 2.09 ± 0.25, 1.20 ± 0.19, and 0.90 ± 0.25 liters, respectively. By the 48th hour they were 1.87 ± 0.27, 1.08 ± 0.17, and 0.79 ± 0.21 liters, respectively. On the 10th day they were 2.02 ± 0.25, 1.29 ± 0.21, and 0.72 ± 0.14 liters, respectively, and after 1 month they were 2.34 ± 0.27, 1.62 ± 0.20, and 0.72 ± 0.13 liters, respectively. The behavior of the estimated volume was correlated with neonatal body weight changes, leading to a better interpretation of such changes. In conclusion, this study indicates the feasibility of bioelectrical impedance spectroscopy as a method to help fluid administration in intensive care neonatal units, and also contribute to the development of new equations to estimate neonatal body fluid contents.
Introduction
Neonatal care has a strong influence on child development and survival, especially in the case of low body weight newborns who are considered to be at risk. Among several kinds of neonatal care, water balance monitoring has become important for preterm neonates because they show variable needs of fluid replacement. A reduced fluid intake can cause dehydration, electrolyte imbalance, and arterial hypotension. On the other hand, an excessive fluid intake can cause peripheral edema, patent ductus arteriosus, congestive heart failure, bronchopulmonary dysplasia, cerebral intraventricular hemorrhage, and necrotizing enterocolitis (1) .
Some studies correlate body weight changes with the prediction of total body water (TBW). Nevertheless, this relationship cannot detect changes in intra-and extracellular volume (1) . In cases in which D.O. Mendonça and M.N. Souza changes in extracellular volume are observed without an alteration in total body volume, weight is not a reliable parameter to monitor fluid balance. Because different variables can affect neonatal fluid volumes, fluid requirements must be based on the individual need of each baby. Thus, a noninvasive technique to measure TBW, as well as its compartments, can contribute to improving neonatal care.
The original studies using whole-body impedance as a measure of TBW were published a number of years ago by Thomasset (2) . At present, bioelectrical impedance analysis is probably the method most frequently used due to the relatively inexpensive cost of the basic instrument, its easy operation, and its portability.
Bioelectrical impedance measures electric parameters (i.e., resistance and reactance) and this information is converted to a volume estimate based on the conductor volume principle. This theory assumes that the body can be modeled as a cylinder filled with a conductive material with constant resistivity, with a length that is proportional to the subject's height (Ht). The conducting volume is assumed to be proportional to the Ht 2 /R ratio, called the impedance index. It should be noted, however, that the human body is not a cylindrical conductor, nor are its tissues electrically isotropic. Due to this limitation, another equation has been used by analogy to estimate TBW: a Ht 2 /R + c, where a is a proportional specific constant of the population and c is an adjustment constant.
Several studies (3-6) include anthropometric predictors (i.e., weight, age, gender, race, waist-to-hip ratio, body mass index) in the equation to obtain a better correlation with gold standards, but many of these equations are population specific and no physiological justification for the added terms has been provided. Bioelectrical impedance equations have been developed for newborn infants and toddlers, children and adolescents, and for adults of all ages. The most important of these equations is that they show a good correlation with TBW measured by gold standard methods (deuterium dilution and H 2 18 O dilution). Hoffer et al. (7) reported a good correlation between body impedance and body water volume (r = 0.92) in adults in various degrees of hydration. Goran et al. (8) showed a correlation (r = 0.88) between TBW measured in 61 children and the equation proposed by Kushner and Schoeller (4) .
The studies that assessed TBW in neonates reported a good correlation with bioelectrical impedance analysis. Tang et al. (9) found a correlation coefficient of 0.996. (6) developed regression models for the prediction of extracellular volume in preterm neonates and showed a good correlation between bromide space and the resulting equations (r = 0.986).
The present study was carried out to calibrate the acquisition system and software that estimates the bioelectrical impedance parameters and to develop specific neonatal population equations to estimate intra-and extracellular fluids and TBW from bioelectrical impedance parameters. The bioelectrical impedance parameters were obtained by bioelectrical impedance spectroscopy (BIS) based on a step response (11) instead of the classical method of sinusoidal sweep. The basis of the BIS method will be presented, as well as a description of how the specific equations to estimate the fluid volumes were developed from the set of equations designed for adults and children (12), but not for neonates. The results, obtained in a clinical study involving 30 full-term neonates, were compared with clinical findings, indicating that the method seems to be feasible to assess body fluid and could contribute to increasing the quality of neonatal care.
Material and Methods
The BIS method used to assess the whole body bioelectrical impedance parameters was the one proposed by Neves and Souza (11) and is based on the current response to a voltage step excitation (illustrated in Figure  1 ). The figure shows the classical model of whole body bioelectrical impedance consisting of R e (extracellular resistance), R i (intracellular resistance), and C m (membrane capacitance), and also the simplified model of the electrode/tissue interface represented by electrode capacitance (C e ). The major advantage of this BIS method is the use of a smaller number of signals to characterize the bioelectrical impedance, since only one excitation signal scans all frequency components.
The current response can be expressed by Equation 1 , where a faster exponential is associated with the membrane capacitance and a slower one with the electrode capacitance.
where i p , k 1 , k 2 , p 1 , and p 2 are constants derived from the bioelectrical impedance parameters. For more details concerning the BIS method see Neves and Souza (11) . With this theoretical model of the current i(t) and its analogous version experimentally obtained in the subject, BIS (R e , R i , C m , and C e ) is estimated using a multiparametric optimization procedure. The algorithm to obtain the best set of parameters by fitting the theoretical expectation to the experimental data was based on the steepest descending gradient method. The system also supplies the R inf (parallel association between R e and R i ), which is related to TBW (13) .
In the BIS method, a data acquisition card (National Instrument  , PCMCIA DAQCard model AI-16E-4, Autix, TX, USA) installed in a laptop framework is used for the generation of the step voltage excitation and for data acquisition. A specific program has been developed (LabView  , National Instruments) to handle data acquisition and the estimate of bioelectrical impedance parameters.
In present study, bioelectrical impedance was measured with a prototype apparatus based on the principle described above, which was developed in the Biomedical Instrumentation Laboratory, Biomedical Engineering Program, Federal University of Rio de Janeiro, Rio de Janeiro, RJ, Brazil.
After the bioelectrical impedance parameters were measured, intracellular water (ICW) and extracellular water (ECW) could not be estimated by the original equations of De Lorenzo et al. (12) because they are inappropriate for neonates. This problem led to the development of a new set of equations that will now be presented.
De Lorenzo and colleagues (12) used models based on Hanai mixture theory to estimate body volumes for adults and correlated them with gold standard methods. According to these investigators, extracellular volumes can be calculated by:
where Ht is subject height (cm), Wt is the weight (kg) and R e the extracellular resistance (Ω). The term k ECW was assumed to be constant (k ECW = 0.311) and was defined by: (11) to calculate the current response to a voltage step excitation and to derive the bioelectrical impedance parameters (see text for more details). C e = electrode capacitance; C m = membrane capacitance; R e = extracellular resistance; R i = intracellular resistance; Vd = step voltage; i(t) = current where ρ ECW is the resistivity of the extracellular fluid (ρ ECW = 41 Ω cm), D b is the total body density (D b = 1.05 kg/l), and K B is a correcting factor for whole body measurement, which is obtained between the wrist and ankle taking into account the relative proportions of the leg, arm and trunk, and height. The term K B is assumed to be constant and equal to 4.3. The extracellular resistivity (ρ ECW ), in turn, is obtained by:
where ρ 0 is the actual resistivity of the conductive material (250 Ω cm) and c is the volumetric concentration of the nonconductive material contained in the mixture (0.672).
At low frequencies this concentration can be calculated by:
where V Tot is the total body volume (Wt/D b ). At high frequencies the volumetric concentration is estimated by:
Since the extracellular and intracellular resistances (R e and R i ) have been previously estimated by the BIS method, after the extracellular volume has been obtained, the intracellular volume can be calculated by an iterative procedure that solves Equation 7 for ICW.
(Eq. 7)
In Equation 7 the term kρ, the ratio between the intracellular and extracellular resistivity (ρ ICW/ ρ ECW ), is set at 1.4, and the resistances are expressed in ohm. After the calculation of ECW and ICW, TBW can be obtained by the simple addition of these two volumes.
The advantage of the approach of De Lorenzo et al. (12) is that it is not based on any specific population. This means that this approach can be used for any subject that presents the constants assumed by De Lorenzo and colleagues, i.e., subjects presenting a volumetric concentration of nonconductive material of about 0.672 and a ratio of intracellular to extracellular resistivity of about 1.4. Healthy adults and children normally fulfill these requirements. However, the assumption of these constants for neonates can lead to wrong estimations, because in this population the extracellular volume is higher than the intracellular volume (14) (15) (16) , and this inversion, differently from the original assumption, modifies these constants.
Based on these considerations, it was important to adapt the equations of De Lorenzo et al. (12) to the neonatal population. This adaptation was started by calculating a new extracellular resistivity (ρ ECW ) from several volumetric concentrations (c) reported in the literature. Tables 1 and 2 show the values of the volumetric concentrations c 1 and c 2 obtained at low and high frequencies, respectively, for several populations, as well as the basic parameters ( , and ) used to calculate such concentrations in Equations 5 and 6.
The basic assumption was to obtain from information reported in the literature mean values for the concentrations at low and high frequencies and then to derive a global mean concentration to replace the constant (c) originally used by De Lorenzo et al. (12) . As shown in Table 1 , for adults, the mean concentration of nonconductive material c, calculated as the average between the mean values of c 1 and c 2 , is around 0.59, a value near the one reported by De Lorenzo et al. (12) . However, 
where the subscript N stands for the ρ ECW value for neonates. Due to the new value for ρ ECW , the k ECW constant was modified to: (Eq. 9) 0.59 ± 0.37
Data are reported as means ± SD for the number of subjects indicated within parentheses in the Population column. c 1 = volumetric concentration of the nonconductive material at low frequency; c 2 = volumetric concentration of the nonconductive material at high frequency. It should be pointed out that the change in extracellular resistivity (ρ ECW ) leads to a correction of kρ, since this constant is related to intra-and extracellular resistivities (kρ = ρ ICW / ρ ECW ). In this way, the neonatal kρ can be obtained from its ratio with the kρ for adults. (12) and Equation 8, respectively), and ρICW N / ρICW A was approximated by 1.00, since the intracellular concentration of potassium (the major intracellular ion) is equal in adults and neonates (17) .
System calibration
All hardware and the software parts of the system used to estimate the bioelectrical impedance parameters were calibrated using 16 electric models (phantoms) like the one illustrated in Figure 1 . The values of the electric components (R i , R e , C m , and C e ) for each phantom were designed to correspond to values expected for neonates (3, 18) . The true values of the electric model components were inspected with a digital multimeter 3¾ digit -TEK DMM 254 (Tektronix Inc., Beaverton, OR, USA) with an error lower than 0.5 Ω for values of less than 999 Ω, and an error lower than 5 Ω for values greater than 1 kΩ. The root mean square error (RMSE) in the estimation of impedance parameters was obtained by Equation 13 :
where X is the real value, Y is the estimated value and N is the number of tests (N = 16).
Subjects of the clinical study
A clinical study was conducted in which bioelectrical impedance and anthropometric measurements were performed in 30 full-term neonates (38.9 ± 1.4 months of gestational age) of both genders. Measurements were performed at four different times in each neonate: the first 24 h, 48 h, 10 days, and 1 month. Neonates with any pathology that might change the intra-and/or extracellular volume compartments (renal dysfunction, congestive heart failure, sepsis, and dehydration) were excluded from the study. The study was approved by the Scientific Ethics Committee of the Central Hospital of the Military Police, Rio de Janeiro, RJ, Brazil, and informed consent was obtained from the parents of the neonates.
Bioelectrical impedance and anthropometric measurements
A digital scale (Urano  , Vila Rosa, Canoas, RS, Brazil) was used to measure the weight of each neonate to the nearest 0.005 kg. The height was measured to the nearest centimeter with an infantometer. Bioelectrical impedance measurements were performed using Ag/AgCl disposable adhesive electrodes (3M Red Dot 2258-3 -neonatal, São Paulo, SP, Brazil). Electrodes were placed on the pisiform prominence of the wrist and between the lateral and medial malleoli at the ankle. The stratum cor-neum was removed by the standard procedure of 10 wipes with gauze and alcohol in order to avoid difference in bioelectrical impedance measurements.
The neonate was positioned in dorsal decubitus and data acquisition was performed when the newborn was quiet. If necessary, a person using latex gloves held the neonate. All acquisitions were performed before breast-feeding.
Statistical analysis
In addition to the evaluation of the estimation errors of the impedance parameters, the reliability in the measures of the resistive parameters was performed by ANOVA repeated measures, i.e., the intra-class correlation coefficient (R).
Data are reported as means ± SD for each of the four acquisition ages. Significant changes in each variable (R i , R e , R inf , TBW, ICW, ECW, and weight) between the four periods were determined by the univariate repeated measures test (within-subjects factor) with four levels (ANOVA method). The level of significance was set at 5% in all analyses. The Pearson correlation coefficient (r) was calculated to determine the extent to which values of two variables are linearly related to each other. It should be noted that r 2 (coefficient of determination) indicates the proportion of common variation in the two variables. Thus, the variables were considered to show a strong correlation when the proportion of common variation was at least 50%, which implies r values higher than 0.7. However, the interpretation depends on statistical tests, which provide a P value. P < 0.05 was taken to be statistically significant.
Results
Results from the calibration of the acquisition system and of the software used to estimate the bioelectrical impedance parameters are presented in Table 3 , together with the respective RMSE.
The values of the bioelectrical impedance parameters (R inf , R e , and R i ) for the neonatal group studied are represented by the box plots in Figure 2 . Although an increase in all resistive parameters was observed up to the 48th hour, during the period between 48 h and 10 days of age we observed a statistically significant reduction in R e , a nonsignificant decrease in R inf , and a statistically significant increase in R i . The same behavior was observed between the 10th day and 1st month, indicating a trend to a reduction in R e and to an increase in R i . Figures 3 and 4 present the box plots for the body composition values (weight, TBW, ECW and ICW) estimated by Equations 7 (ICW) and 10 (ECW).
If the behavior of the resistive parameters described above is correlated with body fluid volumes, a reduction in intracellular volume and an increase in extracellular volume can be expected. This interpretation would not be possible if TBW were simply estimated from the evolution of body weight. Figure 3 shows that between the 24th and 48th hour of age the neonates lost weight (154 ± 78 g, P < 0.05), whereas they showed a significant weight gain at 10 days and 1 month (333 ± 151 and 1077 ± 434 g, respectively).
As mentioned before, Equations 7 (ICW) and 10 (ECW), as well as the sum of these two volumes (i.e., TBW), were used to estimate neonatal volumes. It can be seen (Figure 4) that between the 24th and 48th hour of age, statistically significant reductions in TBW, ECW, and ICW were estimated. The reduction in TBW was strongly correlated (r = 0.76) with the reduction in body weight observed by the 48th hour of age. Around the 10th day of age, significant increases in TBW and in ECW were observed, but no significant decrease in ICW was detected. During the period between the 10th day and the 1st month of age, TBW and ECW volumes showed a statistically significant increase, while the intracellular volume remained unchanged. The statistical differences between these parameters are shown in Table 4 .
The changes in body fluid volumes are more easily appreciated when they are shown as a fraction of body weight. Table 5 presents these fractions from the 24th hour to the 1st month of age. TBW was reduced from 68% (24th hour of age) to 54% (1st month of age). The ECW did not change in a statistically significant manner, remaining at approximately 37% of body weight, while the intracellular volume was reduced with statistical significance from 29% (24th hour of age) to 17% (1st month of age). These data indicate that during the 1st month of age, the intracellular compartment was the major site responsible for the TBW loss by a transfer mechanism to the extracellular compartment. This interpretation is in agreement with MacLaurin (19) , who indicated that during the first 3 days of age a relative ECW increase is observed due to the result of a water shift from the intracellular compartment. This fact is supposed to be correlated with the neonatal renal physiology, because renal inefficiency would result in an increase of extracellular solute concentration and in alterations of intracellular volume. The analysis of the percentages of intraand extracellular volumes regarding TBW (Table 5) indicates that the extracellular volume is higher than the intracellular volume, and that the difference between these two volumes increases from the 24th hour to the 1st month of age. Table 5 also shows the fractional composition of TBW, an important index for the determination of normal neonatal maturation (20) .
Pearson linear correlation coefficients (r) between several variables during the four periods studied can be seen in Table 6 . The extracellular resistance (R e ), which is used to estimate ECW (Equation 10), exhibited a significant correlation (r > 0.74) with the value of this compartment at the first three ages of measurement. Intracellular resistance (R i ), which is used to estimate ICW (equation 7), also showed a strong correlation (r > 0.80) with ICW during the same period. These facts indicate that the body volume estimates strongly depend on the measurement of these resistive parameters.
The estimation of fluid volumes (TBW, ECW and ICW) from BIS parameters is dependent on factors such as the data acquisition/analysis system, the skin cleaning process, electrode placement, and neonate han- ECW/TBW (%) 57 ± 9 58 ± 7 64 ± 6 69 ± 4 ICW/TBW (%) 42 ± 9 42 ± 7 36 ± 6 31 ± 4
Data are reported as means ± SD of % of body volume of TBW, ECW and ICW per neonate weight or as the ratio of ECW and ICW to TBW reported in percent. Table 4 . Significant differences determined by ANOVA of the bioelectrical impedance and body composition parameters at the times of measurement. parison of these values with the errors reported in the literature can be seen in Table  7 , which shows that the errors reported in the present paper are lower for all parameters than those reported for neonates, children and adults in seven studies.
Discussion
The aim of evaluating the system calibration was to calculate the estimation error in the determination of the bioelectrical impedance parameters. Although the total mean estimation error was 14.24%, the major component of error was due to the estimation of C m (29.36%). The latter error could be attributed to some characteristics of the acquisition system, such as the cable lengths and other forms of stray capacitance. Since only R e and R i are used to calculate body volumes, and the estimation errors associated with these resistances were significantly lower (9.22 and 10.76%, respectively), the bioelectrical impedance values can be considered precise within a 10% error when compared to real values. Evaluation of the instrument reliability showed an intraclass correlation coefficient of 0.75 for R e and 0.8 for R i , with values of 0.75 or higher being usually accepted as a good indicator of stability.
As mentioned before, the above precision in the measures of the resistive parameters leads to estimation errors in TBW, ECW and ICW of 3.1, 2.1 and 4.7%, respectively (Table 7) , similar to those reported in the literature. It should be pointed out that the data shown in Figure 4 present an average coefficient of variation of 0.17, indicating a coherent and homogeneous data set (< 0.25).
The behavior of the resistances (R inf , R i , and R e ) agreed with those physiologically expected for the different ages tested. Between the 24th and 48th hour of age all resistive parameters increased in a statistically significant manner. Kushner et al. (21) reported that, normally, if the fluid resistivity does not change, the resistance changes are expected to be proportional to the inverse of the changes in fluid volume. Thus, generally, positive changes in resistance can be interpreted as reductions in such volume, and vice-versa. Consequently, the positive changes in the resistive parameters observed here between the 24th and 48th hour of age seem to be correctly correlated with the decrease observed in body weight.
The results presented in Table 6 indicate that TBW was significantly correlated with body weight, but intra-and extracellular volumes did not show the same behavior. It was also observed that the significant correlation between TBW and body weight decreased with age. This fact is probably caused by changes in the neonate's body composition since, a decrease of neonatal body water occurs during this period, as well as an increase in neonatal fat mass. These results indicate that TBW can be estimated by body weight, as normally done in the literature, although the ECW and ICW volumes cannot be determined only by anthropometric measurements.
The higher correlation between TBW and ICW observed in the first two periods of measurement when compared with the correlation between TBW and ECW suggests that the reduction of TBW during the first 48 h of age was probably caused by the decrease in intracellular volume. This behavior can be analogously attributed to the higher correlation found between TBW and ECW at the last two periods of measurement, indicating that the increase in TBW after the 10th day of age can be attributed to an increase in extracellular volume. These data seem to confirm the idea that ICW shifts to the ECW compartment. Although no gold standard was used for validation of the method, the observed values and changes in TBW, ECW, and ICW were coherent with literature data, showing that the proposed equations provided estimates of these volumes close to those expected for normal term neonates.
The estimation of these body volumes can be of help for better neonatal care, especially in the analysis of diseases in which the ECW and/or ICW can be modified without changes in TBW.
In the present study we developed new equations to assess fluid volumes (TBW, ICW and ECW) in neonates from bioelectrical impedance measurements. These new equations can be considered to be extensions of the ones developed by De Lorenzo et al. (12) . In conclusion, the assessment of body fluid by a noninvasive, inexpensive and fast method, BIS, can contribute to increasing the quality of the neonatal care.
